Li7 nuclear spin-lattice relaxation (NSLR) and ionic conductivity measurements of LiI-doped Li2S+GeS2+B2S3 glasses were performed to investigate the ion hopping dynamics and the non-Arrhenius conductivity behavior that has also been observed in some silver fast-ion-conducting (FIC) glasses. The NMR NSLR experiments were performed at 4 and 8MHz and at 70kHz in the rotating frame over a temperature range of 183-523K. Conductivity measurements on these glasses were performed over the same temperature range to determine if the commonly observed non-Arrhenius ionic conductivity in silver FIC glasses was also observed in lithium FIC glasses. Our previously developed distribution of activation energies (DAE) model was used to fit both the NSLR and conductivity results. It was found that a bimodel DAE was required to fit the broad NSLR maximum. One DAE was associated with lithium ions residing in anion sites created by tetrahedral boron units in the thioborate structural regions of the glass, and the other was associated with lithium ions residing in the anion sites created by the nonbridging sulfur units in the thiogermanate regions of the glass. The average activation energy for the lithium ions residing in the thioborate and thiogermanate sites in the ternary glasses agreed very well with the average activation energies for lithium ions in pure binary thioborate and thiogermanate glasses, respectively, with the thiogermanate energies being significantly larger (∼45 vs ∼30kJ/mol, respectively) than those for the thioborate sites. This trend is in agreement with the fact that the thiogermanate structures possess nonbridging sulfur units whereas the thioborate structures do not. It was found that some of the non-Arrhenius conductivity behavior could be associated with the bimodal DAE and the conductivity could be fit for the most part with the DAE model. However, the strong deviation from Arrhenius behavior at high temperature could not be accounted for and an extension of the DAE model was therefore included. We consider the effect of a small fraction of mobile ions which are thermally excited above the barriers and are assumed to conduct around many (temperature-dependent) filled sites before reaching a second unoccupied site. This ion-trapping model explains well the high-temperature deviation of the conductivity from Arrhenius behavior. 7 Li nuclear spin-lattice relaxation ͑NSLR͒ and ionic conductivity measurements of LiI-doped Li 2 S+GeS 2 +B 2 S 3 glasses were performed to investigate the ion hopping dynamics and the non-Arrhenius conductivity behavior that has also been observed in some silver fast-ion-conducting ͑FIC͒ glasses. The NMR NSLR experiments were performed at 4 and 8 MHz and at 70 kHz in the rotating frame over a temperature range of 183-523 K. Conductivity measurements on these glasses were performed over the same temperature range to determine if the commonly observed non-Arrhenius ionic conductivity in silver FIC glasses was also observed in lithium FIC glasses. Our previously developed distribution of activation energies ͑DAE͒ model was used to fit both the NSLR and conductivity results. It was found that a bimodel DAE was required to fit the broad NSLR maximum. One DAE was associated with lithium ions residing in anion sites created by tetrahedral boron units in the thioborate structural regions of the glass, and the other was associated with lithium ions residing in the anion sites created by the nonbridging sulfur units in the thiogermanate regions of the glass. The average activation energy for the lithium ions residing in the thioborate and thiogermanate sites in the ternary glasses agreed very well with the average activation energies for lithium ions in pure binary thioborate and thiogermanate glasses, respectively, with the thiogermanate energies being significantly larger ͑ϳ45 vs ϳ30 kJ/ mol, respectively͒ than those for the thioborate sites. This trend is in agreement with the fact that the thiogermanate structures possess nonbridging sulfur units whereas the thioborate structures do not. It was found that some of the non-Arrhenius conductivity behavior could be associated with the bimodal DAE and the conductivity could be fit for the most part with the DAE model. However, the strong deviation from Arrhenius behavior at high temperature could not be accounted for and an extension of the DAE model was therefore included. We consider the effect of a small fraction of mobile ions which are thermally excited above the barriers and are assumed to conduct around many ͑temperature-dependent͒ filled sites before reaching a second unoccupied site. This ion-trapping model explains well the high-temperature deviation of the conductivity from Arrhenius behavior.
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I. INTRODUCTION
Fast-ion-conducting ͑FIC͒ glasses have received much attention for their potential for use in batteries and fuel cells. [1] [2] [3] [4] [5] It has been discovered, however, that many of these highly conducting glasses also show a non-Arrhenius behavior ͑downward negative curvature͒ in the conductivity at higher temperatures. [6] [7] [8] [9] [10] [11] [12] [13] NMR and ionic conductivity measurements have been used to gain valuable insight into the nature of the ionic motion in these glasses, and it has been well established that the dc conductivity in FIC glass systems is the result of the decoupling of the motions of the weakly bound cations from the host network comprised of, for example, B, Ge, and Si bonded together by oxygen or sulfur. [14] [15] [16] [17] [18] Models have been developed to explain the conductivity and NMR data for these conductive materials. To date, the KohlrauschWilliams-Watts ͑KWW͒ function [19] [20] [21] [22] and a distribution of activation energies 9, [23] [24] [25] [26] ͑DAE͒ have been two of the more commonly used models to describe the NMR and conductivity data. For Arrhenius FIC glasses, for example, we have made great progress in developing a unified model that can simultaneously fit both the conductivity and the NMR nuclear spin-lattice relaxation ͑NSLR͒ data using a single set of DAE parameters. 9, 26 However, neither model can fully explain the deviation from Arrhenius behavior of the conductivity at high temperature recently observed in optimized silver FIC glasses. 6 In this paper, we explore whether the non-Arrhenius conductivity behavior is limited to only optimized silver FIC glasses or whether it is more broadly observed in other ionconducting glasses such as the lithium thioborogermanate glass reported here. Second, we also seek to explore the role that mixed glass formers might have upon the non-Arrhenius conductivity by comparing the conductivity behaviors of the binary thioborate and thiogermanate glasses to the ternary glasses studied in the present work. It is presumed that the structure of the ternary thioborogermanate glasses will be built up from mixtures of the individual thioborate and thiogermanate structures and this might in turn lead to a requirement to model the transport data using a bimodal DAE, one for the thioborate and one for the thiogermanate structures in the ternary glasses. Such a treatment was implied in our study of the binary thioborate and thiogermanate glasses, where distinct DAE were used for the different glasses. Hence, the structural complexity of the ternary glasses may therefore lead to a more complex ͑non-Arrhenius?͒ temperature dependence of the conductivity.
Our approach is based upon our previous success in using the 7 Li NMR NSLR measurements to determine the landscape of barriers and wells experienced by the diffusing ions which is modeled in terms of a DAE. 26 This DAE is then truncated at a typical percolation limit ͑ϳ35% -40% for three-dimensional conduction͒ to calculate the conductivity. In the present case of the presumed bimodal DAE for the ternary glasses, the truncation will be over the complete bimodal DAE and hence yield an asymmetric DAE that may in turn lead to the non-Arrhenius conductivity behavior. It is noted that such combined NMR and conductivity studies have been performed on the ternary silver FIC glasses that were first observed to exhibit the non-Arrhenius behavior. 27 However, the low sensitivity of the 109 Ag NMR resonance makes high-precision NSLR measurements very difficult, and for this reason sufficient precision could not be obtained to enable meaningful treatment of the DAE models employed successfully for the lithium glasses.
This study will show for the first time that the nonArrhenius conductivity behavior is indeed a general phenomenon for both silver and lithium FIC glasses. However, it will also show that while some of the non-Arrhenius behavior in the conductivity can be attributed to a complex ͑asymmetric͒ DAE, additional features of the conduction process are necessary to describe the full non-Arrhenius behavior of these FIC glasses. Adding the feature that a small temperaturedependent fraction of the mobile cations are thermally activated into a "free conduction band" in turn leads to the natural result that this fractional population of "free" carriers must travel a temperature-dependent distance before finding an open site ͑trap͒. For example, more carriers are thermally activated at higher temperatures, thus creating more open and available sites. This temperature-dependent conduction distance is most prevalent at higher temperatures and is found to account for all of the non-Arrhenius temperature dependence in the conductivity. Conversely, however, we find that the effect of the "free" carriers does not show up conclusively in the 7 Li NSLR results. While an abbreviated description of the ion-trapping model ͑ITM͒ is provided here, for a more complete description, the reader is referred to Ref. 6 .
II. EXPERIMENT

A. Sample preparation
The glass compositions prepared in this study were made by melting stoichiometric amounts of high purity LiI ͑Ald-rich 99% purity͒, Li 2 S ͑Cerac 99.9% purity͒, GeS 2 , and B 2 S 3 . Both GeS 2 ͑Ref. 28͒ and B 2 S 3 ͑Ref. 29͒ were prepared by mixing and reacting germanium metal and amorphous boron metal, respectively, with sulfur in sealed silica ampoules that were not and were, respectively, coated with a thin layer of pyrolytic carbon. The coating is required to keep the B 2 S 3 from reacting with the silica ampoule at elevated temperatures. All preparations were performed inside a high-purity helium-filled glove box with Ͻ5 ppm O 2 and H 2 O. Each sample was then mixed and melted in a vitreous carbon crucible at 850°C for 10 min. Weight loss was then recorded ͑typically less than 4%͒, and the sample was then reheated for another 5 min. The resulting liquids were poured into a graphite mold preheated to 200°C , ϳ T g − 50°C. Samples quenched into brass molds would tend to fracture or stick to the mold depending on the annealing temperature, whereas graphite molds allowed higher quenching and annealing temperatures without the samples sticking. Samples for the NMR experiments were then crushed to a fine powder and sealed into an evacuated quartz tube. Samples for the conductivity experiments were annealed at 200°C for 30 min and then allowed to cool to room temperature at 5°C / min. The disks were then sputter coated with gold on both sides to form blocking electrodes for the conductivity experiments. The sputtering was performed at a pressure of 10 −1 mbar of argon with a current of 18 mA for a total of 4 min on each side.
B. Density measurements
Density measurements were made using Archimedes' principle. 30 These measurements were necessary to estimate the ion concentration in the samples needed to model the conductivity data. Results are shown in Table I .
C. dc conductivity measurements
Complex impedance measurements were performed using a Solartron 1260 ac impedance spectrometer. The measurements were made by applying a sinusoidal voltage ͑50 mV͒ across the sample. Measurements were made from 180 to 520 K over a frequency range of from 0.1 Hz to 10 MHz. The temperature was controlled to within 1°C by placing the sample into a specially designed wide-temperature-range cryostat capable of reaching temperatures as low as 100 K to as high as 723 K. Temperature control was accomplished by passing precooled or preheated helium gas through a tube wrapped with band heaters. Temperature scans were made every ϳ12°C. Individual frequency scans were not started until the standard deviation of the temperature was within 0.07°C for the last 30 points measured every 2 sec. The total time for the frequency sweep of the impedance was comparable ͑ϳ1 min͒ to the time observed ͑ϳ1 min͒ for temperature stabilization. Complex plane ͑Nyquist͒ plots of the complex impedance so measured were used to determine the dc impedance from which the dc conductivity was determined.
D. NSLR NMR measurements
All NMR samples were sealed under vacuum in quartz tubes using an oxygen and propane torch to prevent sample contamination with oxygen and water during the measurements. 7 Li NSLR T 1 measurements were performed at Larmor frequencies of L /2 = 4 and 8 MHz over a temperature range of 180-520 K. A phase-coherent pulse NMR spectrometer was used which implemented a programmable pulse sequencer designed by Adduci and Gertstein. 31 This spectrometer used a double-sideband rf switch, and a fastrecovery receiver was used to retrieve the signal. 32 Temperature scans in the NMR experiments were obtained by placing the sample into a custom-built high-temperature probe ͑T max ϳ 500°C͒ which used a furnace cavity placed inside a vacuum-jacketed sleeve, with a variable-temperature chamber. All measurements were performed when the temperature control was stable to within 1°C. The furnace employed r esistive heating, but dry nitrogen gas could also be passed through the probe as a heat exchanger to help facilitate cooling.
The 7 Li NSLR measurements were made using either saturation recovery or inversion recovery methods. Both methods were compared at different temperatures and were found to be in good agreement. Saturation recovery consisted of a saturation pulse followed by a 90°read pulse which was typically 2 s long. The spectral width of the radio frequency pulses was sufficiently wide to excite both the central ͑1/2↔ −1/2͒ and satellite ͑±3/2↔ ±1/2͒ transitions of the 7 Li nuclei so that a single-exponential recovery of the nuclear magnetization was observed in all cases. At all temperatures, the acquisition delays were set to be at a minimum of 10 times T 1 .
T 1 measurements were also performed using a 3.6-s 90°pulse followed by a spin-locking pulse. This method allows for the measurement of NSLR rates at an effective frequency in the rotating frame 1 = ␥H 1 , where H 1 is the intensity of the rf field. While the spin-locking pulse is on, the magnetization aligned along the H 1 direction in the rotating frame no longer decays in a time characterized by the spin-spin relaxation, T 2 , process. Instead it decays with a time T 1 , corresponding to a spin-lattice relaxation time at an effective frequency 1 = ␥H 1 = 70 kHz. 33 By varying the length of the spin-locking pulse, a value for T 1 was extracted from the exponential decay of the NMR signal measured at the end of the spin-locking pulse.
III. SUMMARY OF THE THEORETICAL MODELS
A. Distribution of activation energies model of the NMR NSLR and the dc conductivity
It has been found that the correlation times for ionic hopping motion as derived from NMR and conductivity measurements differ by approximately an order of magnitude, with NMR being the longer of the two. 20, 26, [34] [35] [36] The NMR correlation time NMR is determined by the BPP theory 37 which gives NMR ϳ 1/ L at the maximum of the NSLR curve versus 1 / T. The correlation time for conductivity, , is determined by ϳ 1/͑2 dc ͒ at the frequency above the dc plateau where the conductivity starts to increase. While several theoretical models have been proposed to account for the discrepancy, 34, 38 we have shown that by incorporating a simple DAE with a percolation threshold it is possible to account for this discrepancy in a physically understandable manner using a single parameter set. 26 The major assumption of this approach is that the ions present in the glass reside on a set of chemical sites that have differing energy barriers. This assumption is valid in view of known structural disorder of a glass that gives rise to barriers seen by hopping ions that vary in height and depth from site to site.
As described by Kim et al. 26 this DAE leads to a distribution of correlation times which then can be used to predict the NLSR and conductivity behaviors as a function of temperature. Equations ͑1͒-͑7͒, below, give the temperature and frequency dependences of the NSLR and the temperature dependence of the dc conductivity and average and individual relaxation times, respectively. While the reader is directed to Ref. 26 for a more complete description of the model, the prefactors for the individual relaxation times 0a , Eqs. ͑6͒ and ͑7͒, were taken as a function of the depth of the particular energy well ⌬E a , the mass of the mobile cation, m, and the average distance to the "cusp" of the energy well between adjacent sites, l, estimated from the composition to be ϳ4 Å:
B. Ion trapping model of the non-Arrhenius dc conductivity
It will be shown below that while the DAE model can account simultaneously for the NMR NSLR data and for some of the non-Arrhenius behavior in the dc conductivity, it cannot account for all of the non-Arrhenius behavior. For this reason, a simple, but important extension of the DAE model was added that enables the strong non-Arrhenius temperature dependence of the dc conductivity to be modeled. The ITM, which accurately fits the conductivity data for glasses ͑such as those presented here͒ and crystals showing non-Arrhenius behavior in the conductivity, suggests that once an ion is thermally activated, it must travel a temperature dependent distance ͑up to 10 Å͒ before it is recaptured into another cation site ͑trap͒. This model is distinct from other models where a cation performs a single hop to the next-neighboring location, which is on the order of only a few Å's away. A brief explanation of this model is given here. For a more complete discussion the reader is referred to the paper by Martin et al. 6 Given a system with a concentration c 0 of cations that can be thermally activated to hop, the fraction of ions that are thermally promoted to conduction is given by Boltzmann statistics in Eq. ͑8͒, where ⌬E a is the activation energy, k B is Boltzmann's constant, T is temperature, and c͑T͒ is the temperature-dependent concentration of ions, which will be assumed to diffuse freely in the lattice for a few nanometers before being trapped again into a well:
Using the average thermal drift velocity and the additional drift velocity created by the applied electrical field gradient, the conductivity, which is given by the current density ͑the product of the net ion drift velocity, the number of actual charge carriers, and the area through which the conduction occurs͒ divided by the electric field gradient becomes
.
͑9͒
The mean free path ͑T͒ is taken to be the reciprocal of the additive inverses of two mean free paths, 0 and 1 ͑T͒. In this model, it is hypothesized that as a cation is migrating through the glass network, it experiences both repulsive and attractive forces due to the other cations and anions, respectively. As the mobile cation increasingly approaches an anion, the attractive forces become greater and ultimately pull the cation into the trap ͑neighboring anion site͒. Because the number of cations is temperature dependent, 1 ͑T͒, the temperature-dependent mean free path is calculated in Eq. ͑10͒ from the concentration of Coulombic traps created by the thermal excitation of cations from their equilibrium sites and the trapping cross section of the interaction, d
2 , where d is a measure of the capture cross section of the cation site that depends upon its charge density and the thermal velocity of the mobile cation:
In Eq. ͑11͒, d is calculated by equating the electrostatic force between an anion and cation to the centripetal force experienced by a moving cation at a distance d away from the center of an anion site:
Since the concentration of traps is temperature dependent, this would lead to an infinite mean free path at T =0 K ͑zero "free" carriers͒. To avoid this unacceptable result, 0 is introduced to create a low-temperature mean-free-path maximum. Hence, ͑T͒ becomes
͑12͒
At low temperatures, 0 is much smaller than 1 and therefore dominates as the overall mean free path. As temperature increases, the number of cation traps increases at the same rate that new ions are thermally activated. It can be shown from Eq. ͑10͒ that at higher temperatures, 1 eventually becomes smaller than 0 and dominates the behavior of the mean free path ͑T͒. The cation traps can be thought of as the vacant sites from which the ions were activated. When an ion comes within the vicinity of these charged vacant sites, it is attracted by the Coulomb force between the mobile cation and immobile anion ͑trap͒.
It should be noted that the concept of the ITM is similar to variable-range hopping introduced by Mott for electronic conduction in glasses containing transition metal ions. 39, 40 A similar model has also been previously suggested by Rice and Roth. 41 
IV. RESULTS
A. 7 Li NSLR
At room temperature and above, only one narrow 7 Li NMR central line was observed in the absorption spectra at both 4 and 8 MHz. At these temperatures, the normally observed broader line associated with the satellite transitions affected by the distribution of local electric field gradients is narrowed due to the fast motion of the Li + ions in these glasses. Therefore, as reported by Kim et al., 26 all of the relaxation measurements yielded a single-exponential recovery. Figure 1 shows the
T͒ on a semilogarithmic plot for the z = 0.0 and x = 0.55 glass. On the lowtemperature side of the R 1 ͑ , T͒ maximum, the asymmetry in the curve is due to the structural disorder in these materials and this behavior has been explained by the DAE model proposed by Kim et al. 26 Also shown in the figure are the 1/T 1 measurements for the same sample at an effective frequency in the rotating frame 1 = ␥H 1 = 70 kHz where H 1 is the intensity of the radio frequency ͑rf͒ field.
Examining the relaxation rate curves, it is found that the z = 0.0 and x = 0.55 glass exhibited a very broad maximum at approximately 420 K. The maximum relaxation rates were approximately 100 and 150 ms −1 for the 4 and 8 MHz curves, respectively. At higher temperatures the relaxation curves appear to coalesce into a common straight line upon which the slope represents the average activation energy of the ionic species in the sample. It is noted that in order to investigate the consequences of the ITM on NSLR one should extend the measurements to much higher temperatures, which is prevented in our samples by the crystallization processes. The asymmetry in the logarithmic plot of the NSLR vs 1 / T and the deviation from the −2 dependence at low temperatures predicted by the BBP theory 37 in the presence of a single correlation time is accounted for in the DAE model as shown in the fits discussed below based on Eqs. ͑1͒-͑7͒. The NSLR data were fitted ͑dashed lines͒ using 4 Å for the jump distance l in Eq. ͑3͒, which is slightly smaller than the calculated ion separation distance based on composition. Here and for the moment a fixed jump distance is consistent with our and all other previous models. The parameters ⌬E m , ⌬E b , and C were then adjusted to yield good fits of the NSLR data at all frequencies measured. The DAE model for the NSLR data gives a good agreement using the parameters that were derived from the NMR measurements.
For the data shown in Fig. 1 , fitting the NSLR data with a single DAE required an average activation energy ͑⌬E m ͒ of 41.6 kJ/ mol and a distribution width ͑⌬E b ͒ of 15.0 kJ/ mol. Such a broad distribution was not surprising; it was expected that a large width would be needed to account for the range of different cation sites ͑structures͒ produced in a glass with two different glass formers ͑B 2 S 3 and GeS 2 ͒. While the fit to the NSLR data with a single DAE was reasonably good, careful inspection of Fig. 1 shows that the full breath of the data ͓full width at half maximum ͑FWHM͔͒ could not be well fitted without having a large overshoot on the lowtemperature side of the data, seen most clearly in the 8-MHz data. For this reason, a fit to the NSLR data with two DAE, one for each of the sets of cation sites produced by the two different glass formers BS 4/2 −1 and GeS 3/2 S −1 , was used to more accurately fit both the high-and low-temperature sides of the NSLR data as shown in Fig. 2 . With the two DAE shown in Fig. 3 , the fit is improved in that the FWHM of the curve is better accounted for and there is less of a lowtemperature overshoot, as seen Fig. 2 . To quantify the deviation between the two fits single and bimodal DAE, the rootmean-square deviation of the NSLR data was calculated and the fit using a bimodal DAE was on average 5% better than that of the fit using a single DAE.
Such bimodal DAE are known and have been previously used when the glass chemistry is such that it naturally produces multiple glass subnetworks. For example, Kim et al. 42, 43 found that it was necessary to use two DAE to fit the relaxation curves in binary lithium thioborate glasses where the two separate distributions describe two different sets of cation sites produced by boron atoms in trigonal ͑BS 2/2 S −1 ͒ and tetrahedral coordination ͑BS 4/2 ͒, respectively. In this Values of parameters used to obtain best-fit are given in Table II. FIG. 3. Total DAE using two separate Gaussian DAE used in fitting NSLR data for 0.55Li 2 S + 0.45͑0.5B 2 S 3 + 0.5GeS 2 ͒ glass. present study the two DAE needed to fit the data represent lithium ions that are associated with germanium sites ͑GeS 3/2 S −1 ͒ and tetrahedral boron sites ͑BS 4/2 −1 ͒, respectively. While it is reasonable to suggest that there might be some boron sites in trigonal coordination that also have lithium ions associated with them, such as the BS 2/2 S −1 sites found in binary all-thioborate glasses, the 11 B NMR spectra of these ternary ͑and quaternary͒ glasses, however, show that ϳ80% of the boron atoms are in tetrahedral ͑BS 4/2 ͒ coordination. 44 While it could be thought that such a large number of tetrahedral borons would accordingly be associated with an equally large number of charge-compensating Li ions, this is not the case. In these thioborates, the sulfur goes into threefold coordination to produce the large number of tetrahedral borons and in doing so is able to create neutral tetrahedral borons. 44 Of the remaining 20% of boron which is in trigonal coordination, if it is assumed that there is an equal number of both trigonal boron atoms with nonbridging sulfurs ͑BS 2/2 S −1 ͒ and trigonal boron atoms with all bridging sulfur atoms ͑BS 3/2 ͒, then only about 5% of the lithium would be associated with nonbridging sulfur atoms on the trigonal boron atoms. Since two distributions are already being used, this extra 5% of different cation sites would not make a significant impact in the shape of the relaxation curves; thus it does not unambiguously improve the fit used. Therefore, a third DAE for lithium ions associated with trigonal boron atoms with a nonbridging sulfur was not included. Table II gives the parameters, ⌬E m , ⌬E b , and C, in Eqs. ͑1͒ and ͑2͒, used to give best fits to the NSLR data shown in Figs. 2, 4 , and 5 for all of the undoped and the z = 0.2 LiI doped glasses, respectively. For brevity and clarity, the plot and fit for the z = 0.1 and 0.3 glasses are not shown. As shown in Figs. 6 and 7, the activation energy ⌬E m and its standard deviation ⌬E b decrease for both the germanium and boron sites with increasing Li 2 S in the undoped glasses and with increasing LiI in the doped glasses. For the germanium sites in the ternary glasses, values very similar to those of the germanium sites in the binary Li 2 S + GeS 2 glasses were observed, as shown in Fig. 6 . In the case of the boron sites, 4 . DAE fits to NSLR data for x = 0.35, 0.45, and 0.55 ternary glasses using two DAE for lithium ions in boron and germanium sites using the activation energy and coupling constant values given in Tables II and III, direct comparisons cannot be made at similar Li 2 S compositions since only binary glasses at the x = 0.65 and 0.70 compositions were glass forming. However, as Fig. 6 shows, a systematic decreasing trend can be seen when plotting ⌬E m versus composition for x = 0.35-0.7. ⌬E m decreases from ϳ50 to ϳ 42 kJ/ mol for the thiogermanate sites and from 35 to 31 kJ/ mol for the thioborate sites. A slight decrease in ⌬E m was seen with added LiI for the germanium sites, ϳ42 to ϳ 40 kJ/ mol, while ⌬E m for the boron sites remained unchanged at ϳ31 kJ/ mol. Agreement between the activation energy data for the germanium glasses and the extrapolated data for the borate glasses is very good. Binary lithium thioborate glasses cannot be prepared for x less than 0.5 due to phase separation. The addition of GeS 2 and other glass formers such as GeO 2 and As 2 S 3 can be used to close this miscibility gap, but unfortunately also limit the range of conventional glass formation and for this reason were not explored in the present work.
Significantly, it is observed that the germanium sites have the larger of the two activation energies, ϳ50 to ϳ 42 kJ/ mol compared to ϳ35 to ϳ 31 kJ/ mol. Such behavior is perhaps reasonable in view of the fact that the germanate structures are expected from Raman and IR spectroscopy 44 to possess terminal and fully charged nonbridging sulfurs whereas the thioborate structures are expected to be comprised of tetrahedral boron units where the negative charge is distributed evenly over four bridging sulfurs. It is therefore expected that the thioborate units would have a smaller charge density than the thiogermanate units and as such produce a smaller activation energy barrier.
Similar to the germanium sites in the binary glasses, the width ⌬E b of the DAE for the germanium sites in the ternary glasses does not change significantly with added Li 2 S from x = 0.35 to 0.55, as shown in Fig. 6 . However, there is a decrease from ϳ5 to ϳ 4 kJ/ mol in the width of the DAE for the tetrahedral boron sites over the range of x from 0.35 to 0.55 in the ternary glasses. For the LiI-doped glasses, no significant change in the distribution width was observed.
Some assumptions had to be made when determining the values for the coupling constants C in Eqs. ͑1͒ and ͑2͒. The first assumption was that the environments that the lithium ions experience around the germanium and boron sites in the ternary glasses will probably not differ significantly from the corresponding sites in the binary glasses. Hence, the coupling constants C in the ternary glasses were taken to be approximately the same as the values for the corresponding binary glasses. The values for C are shown in Fig. 8 as a function of x Li 2 S. The total relaxation rate R total was then fitted by taking a weighted average of the relaxation times for both the germanium sites and boron sites in the ternary glasses. The two sites are weighted according to the fraction of lithium ions associated with them. The sum of the fraction parameters f 1 and f 2 in Eq. ͑13͒ would equal 1 to account for all of the lithium ions in the glasses. This effectively creates a weighted average of the two DAE to give the overall measured relaxation curve. The total relaxation is given by Eq. ͑13͒:
Values for the coupling constants, which are embedded in the R 1 and R 2 terms in Eq. ͑13͒, used in the fits are shown in Table III and in Fig. 8 . The coupling constant values were optimized to yield a best fit to the data and reveal that the lithium atoms are distributed such that 70%-80% of the lithium ions undergo relaxation around germanium sites, while the remaining 20%-30% relax around boron sites. Equal sharing based on composition alone would suggest ϳ33% of the lithium to be associated with germanium sites and ϳ67% to be associated with boron sites since the ratio of germanium to boron is 1:2. However, the preference of lithium ions to distribute heavily toward germanium sites is in agreement with the qualitative results shown by IR and Raman spectra taken of these glasses. 44 This distribution, which favors the germanium sites, is also in agreement with that expected from energetics. The sites with the higher binding energy towards lithium would naturally bind more readily to the available lithium ions than the sites with the lower binding energies. Significantly however, it is expected that the more mobile lithium ions will come from the lowerbinding-energy sites, the thioborate sites.
B. dc conductivity results
The dc conductivity values were determined by using a Nyquist plot shown in Fig. 9 and extrapolating the imaginary part of the complex impedance to the x-axis intercept along the real impedance axis. Figure 10 shows an Arrhenius plot of the dc conductivity for the LiI-doped x = 0.55 series of glasses and one x = 0.45 glass for comparison. The highest conductivity measured at room temperature is between 10 −3 and 10 −4 ͑⍀ cm͒ −1 . With increasing Li 2 S content, the activation energy decreases. This can be seen by the changes in slope of the data curves on the Arrhenius plot. As predicted by the NMR data where a lower activation energy was observed for the LiI-doped glasses, the addition of LiI causes a slight decrease in the conductivity activation energy. Likewise and similar to the silver FIC glasses, 13, 45, 46 the addition of LiI increases the conductivity. As is also similar to the silver FIC glasses, the glasses in this study show an increasing deviation ͑more curvature͒ from Arrhenius behavior with increasing LiI content. 45, 46 In an effort to rule out electrode, oxidation, and/or other spurious effects as giving rise to the non-Arrhenius behavior, two consecutive temperature scans were performed on the same z = 0.2, x = 0.55 sample. The sample was first heated to 200°C, held for 6 h at 200°C, and then cooled back to room temperature. This temperature cycle was repeated on the same sample. The conductivities between the two separate heating runs were in exact agreement and exhibited exactly the same extent of non-Arrhenius conductivity temperature dependence.
The dc conductivity was fitted with the DAE model by using the DAE determined by the NSLR NMR measurements described above. The average correlation time avg was determined by taking the weighted average of all correlation times corresponding to activation energy barriers from 0 up to a percolation threshold ⌬E p given in Table IV . The value for ⌬E p is determined by best fitting Eqs. ͑3͒ and ͑4͒ to the dc conductivity data. Again, 4 Å was used for the average jump distance l for reasons discussed above. The ion concentration c 0 was calculated from composition and density measurements shown in Table I . In this treatment, ⌬E p represents the fraction of activation energy barriers at lower values comprising approximately 1 / 3 of the total distribution of cation sites.
The solid lines in Fig. 10 are fits to the conductivity data using the DAE model with a percolation threshold. It can be seen from Fig. 10 that while a reasonable fit to most of the data is found and supports our previous finding that the Arrhenius conductivity can be treated in this way, the DAE model fails to fit the non-Arrhenius behavior of the conductivity at the higher temperatures. However, the DAE model does accurately predict the Arrhenius portion of the dc conductivity plots as we have observed in the past for lower conductivity binary Li 2 S + GeS 2 glasses.
For these reasons, we have extended the DAE model to the ITM, which is able to fit both the Arrhenius and nonArrhenius regions of the dc conductivity very well as shown in Fig. 11 . The dc conductivity was fitted using Eq. ͑9͒ where ⌬E a was substituted by the integral over the NMR determined DAE, Z NMR . The ion concentration c 0 was calculated from the known composition and density of the glasses .5B 2 S 3 + 0.5GeS 2 ͔͒ glasses and fits ͑solid lines͒ determined by the DAE to Eq. ͑2͒. Note that while the DAE is able to account for some of the non-Arrhenius downward curvature in the conductivity data, it does not account for it completely.
FIG. 11. dc ionic conductivities of the ternary zLiI + ͑1−z͓͒xLi 2 S+͑1−x͒͑0.5B 2 S 3 + 0.5GeS 2 ͔͒ glasses and fits ͑solid lines͒ determined from the ITM model. Values for the parameters used in the ITM model are given in Table V. Note that unlike the simple DAE model, the ITM model is able to completely model all of the non-Arrhenius downward curvature in the conductivity.
shown in Table I . Since the conductivity in these glasses is high and the ac impedance measurements are limited to 1 MHz, it is not possible to accurately determine values for ϱ even at liquid-nitrogen temperatures. We have chosen to use the Lorentz-Mossotti relation ϱ ϳ n o 2 , where n o is the index of refraction, to estimate the optical frequency value of ϱ . In the present case, the index of refraction parameter was allowed to vary for purposes of fitting the data, and in the future refractive index measurements will be made to confirm the values obtained. The values for n o , the index of refraction, remained at a value of approximately 1.5 regardless of the concentration of LiI, a value not too dissimilar from that expected for these glasses ͑see Fig. 12͒ . 0 values were calculated from the inverse cube root of Eq. ͑8͒, where the temperature is set to T g -viz., taking the fixed trap sites to be frozen in when the glass structure freezes in at T g . 0 increases from 5.5 to 6.6 nm with the addition of LiI as shown in Fig. 12 . Figure 13 shows the average activation energy used and its comparison to the weighted average calculated from the NMR determined parameters. The DAE width ⌬E b used in the ITM is quite narrow, ϳ4 kJ/ mol, compared to experimentally determined values by NMR, ⌬E b ϳ 9 kJ/ mol for the thiogermanate sites, for example. This difference is shown in Fig. 13 , where the DAE from NSLR and that used in the ITM to fit the dc conductivity are compared.
V. DISCUSSION
The overarching goal of the present study was to investigate the observation or otherwise of the non-Arrhenius dc conductivity in nonsilver ion-conducting glasses. The combined use of NMR NSLR and dc conductivity measurements in this study was directed at determining whether there might be an underlying strong asymmetry in the DAE that the mobile lithium ions experience in conduction events that would lead to the observed non-Arrhenius conductivity. While a marked asymmetry in the DAE was observed and was the consequence of the mixed glass formers used in this ternary glass forming system under study and while this asymmetry did in turn lead to some measure of non-Arrhenius behavior in the dc conductivity, the full and strong non-Arrhenius behavior was not reproduced. This forced the natural extension of the DAE model to include the possibility that only a small fraction of the mobile ions are thermally excited at any one temperature. Doing so enabled the full non-Arrhenius conductivity behavior to be reproduced.
A. DAE approach to fitting the NSLR NMR and dc conductivity data
The T 1 measurements at all temperatures yielded a singleexponential relaxation curve, and this suggests that all of the lithium atoms were able to reach a common spin temperature during the relaxation process. From these measurements, the fitted parameters from the bimodal DAE model showed that the average activation energy ͑⌬E m ͒, distribution width ͑⌬E b ͒, and coupling constants ͑C͒ for the ternary glasses are consistent with the values for the binary thioborate and binary thiogermanate glasses. The resulting sum of the two DAE yields an overall asymmetric DAE for the ternary and quaternary glasses.
The NSLR data could be well fit using a bimodal DAE for all compositions and all frequencies and even for the LiIdoped glasses where the strongest deviation from Arrhenius conductivity was observed. This suggests that at the level of precision available in the NSLR measurements, the presence of the "free" diffusing ions postulated in the ITM which cause the non-Arrhenius behavior in the conductivity at the highest temperatures does not modify in a measurable way the NSLR temperature behavior as predicted by the DAE model. However, it should be noted that NMR measurements at higher temperatures may be necessary to firmly establish .5B 2 S 3 + 0.5GeS 2 ͔͒ glass. In the ITM model, we do not a priori assume a bi-model distribution as is required in the NSLR fitted data. Significantly, while the average values of each distribution agree well, the width of the DAE for the NSLR data is much wider than that for the conductivity data.
this point. These measurements are very difficult since the glass transition temperature T g limits the upper temperature to which measurements can be made and the present measurements were made to as high a temperature as possible for this reason. Another option would be to perform measurements over a wider frequency range. However, moving to higher frequencies causes less of the frequency-independent plateau region to be observed because the peak maximum temperature will shift to higher temperatures at higher frequencies. Regarding the lower frequencies, the value of 4 MHz used here is as low as we could practically go in view of the rapidly decreasing sensitivity of the NMR spectrometer.
One way to obtain measurements of spin-lattice relaxation at very low effective frequencies is to measure T 1 as was done here at 70 kHz. These measurements, as the data suggest in Figs. 1, 2, 4 , and 5, do allow a wider range of temperatures to be probed where the NSLR is expected to be frequency independent and as such should be helpful in exploring the ion dynamics in the region of deviation of the conductivity from Arrhenius behavior. However, since the theory for T 1 is not as straightforward as it is for T 1 , it would be difficult to assign deviations from the DAE model at high temperature to the presence of "free" diffusing ions as done in the ITM for the conductivity. The field-cycling NMR technique allows measurements of NSLR over a wide and nearly continuous range of frequencies, and this technique will be applied to these glasses in the near future and will be reported on separately. Table V shows the parameters used to fit the data with the ITM. The general trend in the activation energies is as expected and that is to decrease with added Li 2 S and LiI. The index of refraction n has a fairly constant value of 1.5, which is expected for these glasses. It is very important, however, that this parameter be confirmed through independent refractive index measurements because it has a significant effect on the value for the effective trapping diameter d. 0 gradually increases with added LiI because the average activation energy decreases with added LiI, and this gives rise to a greater number of ions thermally activated at the same temperature when compared to samples with higher average activation energies.
B. Ion trapping model of the non-Arrhenius conductivity
The significant finding here is that the NSLR determined DAE cannot be used in the ITM to produce a good fit to the dc conductivity. This was quite unexpected. It was anticipated that the NMR-determined DAE would be the full and correct one as we have shown for glasses with Arrhenius dc conductivities. However, when the NSLR DAE is used, it produces a significantly higher conductivity than experimentally observed due to its broader energy range, enabling much lower activation energies to be used in calculating the conductivity. A much narrower activation energy distribution is required as shown in Fig. 13 and compared to the NSLR DAE for the z = 0.2 LiI glass. The result that the average values for the two distributions are almost identical is not surprising since they both are shown to fit the overall trends in the dc conductivity, and hence they both must fit the average slope of the dc conductivity and hence the agreement between the two average activation energy values. However, it must be noted that the DAE approach to calculating the dc conductivity includes a percolation fraction treatment that truncates the distribution to the lower ͑below the percolation threshold, typically ϳ30% -40% as seen in Table III͒ activation energy values. Hence it might have been expected to observe the ITM DAE centered not at the average of the full NSLR DAE, but rather centered at the average of the percolation threshold truncated distribution.
The ITM makes the important suggestion that the average distance that a mobile ion travels is trap ͑T͒ and that these distances are much larger, nm, than typically thought, just a few Å, for example. It is significant to note that these distances also increase with decreasing temperature. The model suggests that mobile cations migrate through the glass until they arrive at an open site or trap. Since open sites become more numerous the more thermally activated the cations are, the sites must therefore become less numerous at lower temperatures. Hence, on average, the ITM suggests that the cations must travel longer distances at lower temperatures. This is contrary to the perhaps expected behavior where longer diffusional distances would be expected at higher temperatures. At this point, however, we cannot conclusively prove which is the correct behavior. Our result here is that the simply based ITM using a few adjustable parameters can accurately reproduce the non-Arrhenius conductivity behavior of these glasses. We are in the process of exploring methods to experimentally determine the temperature dependence of the average conduction distance and will report on these experiments as they are completed.
It must be noted that this value is an "average" and does not describe specifically the dynamics of the ions individually. It could be possible, for example, for a large number of ions to travel very short distances ͑e.g., 4 Å͒ while a small population of ions travel significantly longer distances ͑e.g., 100 Å͒ to arrive at the average value of trap ͑T͒. Any distribution of distances traveled is allowable by the ITM as long as the weighted average of distance traveled is trap ͑T͒.
This therefore may suggest a reason for the observed discrepancy between the ITM and NSLR DAE. As we have previously discussed, the NSLR measures all ions, mobile and immobile. It also measures all events that relax the spin energy of the excited mobile cation, even those events that do not take it out of its energy well. However, the dc conductivity experiments only measure those cations that make significant motion out of and away from its energy well. As a result, the dc conductivity is likely to sample a much smaller distribution of the mobile cations, which are in turn likely to explore larger activation energy barriers. This would produce on average a distribution that is narrower and shifted to higher average values, as observed here. It should be mentioned that the unified site relaxation model developed by Bunde et al. 47 suggests a localized hopping back and forth motion until a Coulombic field is relaxed and that the neighboring target site relaxes to adjust for the incoming ion. Our previous neutron scattering measurements for both Ag 2 S+B 2 S 3 + GeS 2 ͑Ref. 48͒ and Ag 2 S+B 2 S 3 + SiS 2 ͑Ref. 7͒ glasses have shown that the ion-ion separation is only 3 -4 Å for the heavily doped silver glasses. Calculations of the separation distance from the composition and density are also in agreement that the separation distance should be on the order of a few Å. This would also suggest that the cations contributing to the conductivity must travel longer distances to find an open anion site opposed to hopping to the neighboring site, which is already occupied by a cation only a few angstroms away ͑see Fig. 14͒ .
VI. CONCLUSIONS
This study has shown that the NMR NSLR data of quarternary LiI + Li 2 S+B 2 S 3 + GeS 2 glasses can be fitted using weighted sums of the DAE from the binary thioborate and thiogermanate glasses. It has been further determined from the NMR fits that 70%-80% of the lithium ions are associated with the higher on average activation energy germanium sites. No extension or modifications of the DAE model was found necessary to explain the NSLR results over the range of temperature and frequency explored here. On the other hand, while the DAE model provides an excellent fit for the Arrhenius portions of the dc conductivity plots at low temperatures, it is found to fail to predict the non-Arrhenius behavior at higher temperatures. By extending the DAE model to include a temperature-dependent cation conduction distance that arises from a temperature-dependent number of mobile cations, the ITM can be used to accurately fit the dc conductivity at both low ͑Arrhenius͒ temperatures and higher ͑non-Arrhenius͒ temperatures. It is found, however, that in order to achieve good fits of the dc conductivity over these wide temperature ranges, the ITM uses a DAE width which is one-half to one-third the width of the DAE determined by NSLR measurements. It is suggested that the underlying cause of this discrepancy is that the dc conductivity naturally samples only those mobile cations that can diffuse significant distances, thus experiencing larger energy barriers along the way, whereas the NMR NSLR measurements samples all cations, those in both lower-and higher-energy wells, therefore leading to a broader DAE. 
